Abstract While traditional cell culture methods have relied on growing cells as monolayers, three-dimensional (3D) culture systems can provide a convenient in vitro model for the study of complex cell-cell and cell-matrix interactions in the absence of exogenous substrates and may benefit the development of regenerative medicine strategies. In this study, mesenchymal stem cell (MSC) spheroids, or "mesenspheres", of different sizes, were formed using a forced aggregation technique and maintained in suspension culture for extended periods of time thereafter. Cell proliferation and differentiation potential within mesenspheres and dissociated cells retrieved from spheroids were compared to conventional adherent monolayer cultures. Mesenspheres maintained in growth medium exhibited no evidence of cell necrosis or differentiation, while mesenspheres in differentiation media exhibited differentiation similar to conventional 2D culture methods based on histological markers of osteogenic and adipogenic commitment. Furthermore, when plated onto tissue culture plates, cells that had been cultured within mesenspheres in growth medium recovered morphology typical of cells cultured continuously in adherent monolayers and retained their capacity for multilineage differentiation potential. In fact, more robust matrix mineralization and lipid vacuole content were evident in recovered MSCs when compared to monolayers, suggesting enhanced differentiation by cells cultured as 3D spheroids. Thus, this study demonstrates the development of a 3D culture system for mesenchymal stem cells that may circumvent limitations associated with conventional monolayer cultures and enhance the differentiation potential of multipotent cells.
Introduction
Over the past several decades, mesenchymal stem cells (MSCs) have emerged as an attractive cell source for the treatment of a variety of traumatic injuries and chronic diseases. Originally isolated simply on the basis of their adherence to tissue-culture polystyrene (TCPS), MSCs have been further characterized to be included within the CD105 + , CD73 + , CD90
+ , CD34 − , CD45 − cell fraction of the bone marrow population (Dominici et al. 2006 ). More recently, MSCs and similar progenitor cells have been found and isolated from a number of other tissue sources including adipose tissue and umbilical cords. Notably, MSCs possess the ability to self-renew and differentiate to a number of mesenchymal lineages in vitro and in vivo, including bone, fat, cartilage and skeletal muscle (Pittenger 2008; Pittenger et al. 1999) . However, in addition to their multipotent differentiation capacity, MSCs secrete a cadre of potent trophic factors that contribute to tissue remodeling and are largely thought to be immunoprivileged cells, thereby providing for allogeneic, off-the-shelf administration of these cells or more differentiated progeny for regenerative medicine therapies (Baraniak and McDevitt 2010) . Despite their regenerative potency, a paucity of MSCs exist in most adult tissues and as a consequence, MSCs are often expanded to large numbers (upwards of 10 9 cells) in vitro prior to in vivo transplantation. Conventional in vitro MSC culture techniques have involved expansion of the cells in an adherent fashion on TCPS substrates. Although MSCs maintain their plasticity for several passages on TCPS, it has been demonstrated that these cells eventually lose their ability to self-renew, replicate, form clonal colonies and differentiate to a number of lineages with successive passages, often long before adequate cell numbers for transplantation can be obtained (Bonab et al. 2006; Bork et al. 2010; Stolzing et al. 2006; Wagner et al. 2008) . Such challenges surrounding MSC culture currently limit their therapeutic potential and therefore, improved methods for MSC maintenance and directed differentiation in vitro are needed.
Three-dimensional (3D) aggregates of cells in suspension culture, that commonly adopt a spheroid shape, have been widely used in cancer research (to mimic the tumor microenvironment) (Ivascu and Kubbies 2006; Marrero et al. 2009; Ong et al. 2010; Timmins and Nielsen 2007) and in stem cell cultures to emulate embryogenesis (Kurosawa 2007; Shukla et al. 2010; Carpenedo et al. 2009 ) and achieve clonal propagation and spontaneous differentiation (Yang et al. 2009; Wan et al. 2010; Ahlenius and Kokaia 2010) . More recently, "microtissues" and "macrotissues" have been formed in vitro from the re-assembly of cells dissociated from tissues, from cell lines and from stem cells (Garzoni et al. 2009; Kelm et al. 2010; Kelm et al. 2006; Langenbach et al. 2010) . Such scaffold-free, 3D cell culture systems are thought to more closely resemble the physiological tissue environment by enabling greater cell-cell and cell-matrix interactions than conventional monolayer culture techniques and provide a platform for the study of cell behaviors such as proliferation, differentiation, apoptosis and extracellular matrix (ECM) and biomolecule production in the absence of exogenous, artificial matrices that may impede intrinsic cell behaviors.
This study demonstrates the successful use of a forcedaggregation technique to obtain homogeneous populations of MSC spheroids of controlled size and the subsequent maintenance of these spheroids, in a multipotent state, for extended periods of time in suspension culture. Additionally, MSCs from intact and dissociated spheroids could be differentiated to adipogenic and osteogenic lineages and differentiation was enhanced in MSCs following 3D culture as compared to cells cultured in parallel as adherent monolayers. Overall, these results describe a novel, 3D culture system for the extended maintenance of multipotent MSCs in the absence of artificial substrates and represent a new approach for enhancing MSC in vitro differentiation potential compared to conventional, adherent monolayer culture systems.
Materials and methods

MSC monolayer expansion
Murine bone marrow-derived MSCs (moMSCs, isolated from C57Bl/6J mice) were obtained from the Texas A&M College of Medicine Institute for Regenerative Medicine and expanded according to established protocols . Briefly, cryopreserved moMSCs were thawed and plated onto a 15-cm tissue culture dish in 20 mL moMSC complete expansion medium (CEM, Iscove's Modified Dulbecco's Medium; Invitrogen/GIBCO) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 10% horse serum (HS; Hyclone), 2 mM L-glutamine (Invitrogen/GIBCO), 100U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B (Invitrogen/ GIBCO). Following overnight incubation at 37°C, adherent moMSCs were washed with phosphate-buffered saline (PBS, Invitrogen/GIBCO) and detached from the tissue culture plate using 0.25% trypsin and 1 mM Ethylene Diamine Tetraacetic Acid (EDTA) in Hanks' Balanced Salt Solution (Invitrogen/GIBCO). Cells were counted using a hemocytometer and plated onto 15-cm tissue culture dishes, at a density of 50 cells/cm 2 , in 20 mL CEM per dish. Cells were fed every 3-4 days with 20 mL of fresh CEM and maintained until they reached ∼70% confluence, at which point cells were once again trypsinized, counted and either re-plated for monolayer cultures or used for spheroid formation.
Mesensphere formation and maintenance
MoMSC monolayers (passages 8-10) were dissociated with trypsin-EDTA and resuspended in CEM to obtain a single cell suspension. 6 cells/mL, corresponding to approximately 300, 600, or 1,000 cells/microwell) were added to Aggrewell™ 6-well inserts containing an array of 400×400 μm-sized microwells, centrifuged at 200g for 5 min to force cell aggregation into the wells and incubated at 37°C overnight (Ungrin et al. 2008) . After 18 h of culture in microwells, MSC spheroids, hereafter referred to as "mesenspheres", were removed from the wells using a wide-bore pipette, transferred to 100-mm bacteriological grade Petri dishes (∼1,500 mesenspheres in 10 mL medi-um) and cultured in suspension on a rotary orbital shaker (Lab-Line Lab Rotator, Barnstead International) for up to 3 weeks at 45±2 rpm, similar to previously described methods for embryonic stem cell differentiation as embryoid bodies (Carpenedo et al. 2007) . Media was exchanged every 3 days of suspension culture by allowing mesenspheres to sediment in 15-mL conical tubes, aspirating the old medium, re-suspending in 10 mL fresh medium and returning spheroids to Petri dishes on rotary orbital shakers.
Cell proliferation assay
Cell proliferation was assessed on the basis of 5-bromo-2'-deoxyuridine (BrdU) incorporation. MSC monolayers and mesenspheres at days 1, 2, 3, 4 and 7 of culture were pulsed with 10 μM BrdU (Molecular Probes) for 6 h. Monolayers and mesenspheres were washed twice with PBS, fixed in 10% formalin (10 min for monolayers, 30 min for mesenspheres) and washed three times with PBS to remove formalin. For immunofluorescence, monolayers and whole spheroids were permeabilized with 0.1% Triton X-100 in PBS for 10 min, followed by DNA denaturation with 2.3 N HCl for another 10 min at RT prior to incubation with an antiBrdU antibody (1:200 dilution, Molecular Probes) for 1 h at RT. Samples were then washed with PBS, incubated with a fluorescently-conjugated secondary antibody (Alexa 488, 1:200 dilution; Molecular Probes) for 1 h at RT, washed again with PBS and nuclei were counterstained with Hoechst dye (1:100; Sigma Aldrich) for 5 min at RT. Samples were washed with PBS and deionized water prior to imaging. Monolayers were imaged using a Nikon TE 2000 inverted microscope (Nikon) and a SPOT Flex camera (Diagnostic Instruments). Whole mount spheroids were imaged using a Zeiss LSM 510 NLO Confocal Microscope (Carl Zeiss).
Mesensphere plating and dissociation
For experiments using plated or dissociated mesenspheres, spheroids were collected after 2, 4, or 7 days of suspension culture by gravity sedimentation. Mesenspheres were then plated onto tissue culture plates in CEM and cells were allowed to grow out from plated mesenspheres for 7 days with media exchanged every 3 days. Mesenspheres for dissociation were washed twice with PBS and incubated in 0.25% trypsin-EDTA at 37°C for 15-30 min (depending on the size of the spheroids) with mechanical agitation until a single-cell suspension was obtained. The resulting cell suspension was counted with a hemocytometer and cells were plated onto tissue culture multi-well plates (2,000 cells/cm 2 ) for proliferation and differentiation assays.
In vitro MSC differentiation assays
Osteogenic and adipogenic differentiation assays were initiated once moMSC and dissociated spheroid monolayers (initially plated at 2,000 cells/cm 2 ) reached ∼70% confluence, after 48 h of rotary suspension culture of mesenspheres, or after 7 days of monolayer culture of plated mesenspheres. For adipogenic differentiation, cells were maintained in adipogenic differentiation medium (ADM, CEM supplemented with 5 μg/mL insulin, 50 μM indomethacin, 1 μM dexamethasone and 0.5 μM isobutylmethylxanthine). For osteogenic differentiation, cells were maintained in osteogenic differentiation medium (ODM, CEM supplemented with 1 nM dexamethasone, 20 mM β-glycerolphosphate, 50 μM L-ascorbic acid 2-phosphate and 50 ng/mL L-thyroxine sodium pentahydrate). All supplements were obtained from Sigma-Aldrich. Cells and mesenspheres were maintained in CEM, ADM, or ODM for 7-14 days from the initiation of differentiation (day 0) with media exchanged every 3 days.
Morphological examination
Phase contrast images of cell monolayers and plated and suspension mesenspheres were obtained at days 0, 2, 4, 7 and 14 of growth and differentiation using a Nikon TE 2000 inverted microscope. Monolayers and mesenspheres were assessed visually for differences in cell morphology and the cross-sectional area of mesenspheres was measured using NIH ImageJ image analysis software (http://rsb.info. nih.gov/ij). At least 250 distinct mesenspheres from each time point were used to calculate area measurements. Histogram plots of area values were generated by plotting the relative fraction of mesenspheres across a range of average cross-sectional areas.
Histological analyses MSC monolayers and dissociated or plated spheroids were fixed with 10% formalin for 10 min and washed three times with PBS prior to staining. Mesenspheres were harvested for histology and fixed with 10% formalin for 30 min, paraffin processed, embedded and sectioned as described above. Prior to staining, all paraffin-processed slides were de-paraffinized. Slides were stained with hematoxylin and eosin (H&E) using a Leica Autostainer XL and coverslipped. Using established staining protocols, osteogenic differentiation in monolayers and spheroid samples was assessed by von Kossa and Alizarin Red staining (Dennis et al. 2002; Gregory et al. 2004 ) and adipogenic differentiation was assessed by Oil Red O staining (Bancroft 2002) . ECM deposition by mesenspheres was analyzed using Masson's trichrome and Safranin O staining for collagen and glycosaminoglycans, respectively. Brightfield images were captured using a Nikon 80i Upright Microscope and a SPOT Flex camera in conjunction with SPOT Advanced v.4.5 software (Diagnostic Instruments). Oil Red O and Alizarin Red staining were quantified using established protocols to extract stains from cell monolayers (Gregory et al. 2004; Rim et al. 2005) and by normalizing the amount of stain to the DNA content of samples (determined using the PicoGreen assay kit from Invitrogen). For whole-mount immunofluorescence, mesenspheres were washed with PBS, fixed with 10% formalin for 30 min, permeabilized with 2% Triton X-100 for 30 min, re-fixed with 10% formalin for 15 min and washed again with PBS. For Nile Red staining, samples were incubated with Nile Red solution (1:1000 in acetone/PBS) for 10 min in the dark at RT, washed with PBS and nuclei were counterstained with Hoechst dye (1:100) for 5 min. Samples were stored in PBS at 4°C and imaged in a small volume of PBS using a Zeiss LSM 510 NLO Confocal Microscope.
Statistical analyses
Statistical analyses were performed using SPSS software. Comparisons across multiple experimental groups were conducted using a one-way analysis of variance (ANOVA) followed by Tukey post hoc analysis to determine significant differences (p<0.05).
Results
Mesensphere formation and maintenance
Following overnight incubation in Aggrewell™ inserts, mesenspheres of varying size, formed by incorporating 300, 600, or 1,000 cells per microwell, were observed (Fig. 1 ). Spheroids formed with 300 and 600 cells were visibly smaller than 1,000 cell spheroids both in microwells and upon transfer to suspension culture. However, uniform starting populations of spheroids were obtained at each of the cell densities examined and homogeneous populations of mesenspheres could be maintained for extended periods of time in suspension without significant agglomeration (Fig. 2a) . By day 4 of culture, 300-cell spheroids had increased in size (from 19.6±2.2×10 3 μm 2 to 21.2±0.9× 10 3 μm 2 average area) while the 600-and 1,000-cell spheroid average areas had decreased (from 23.3±5.1× 10 3 μm 2 to 12.6±8.0×10 3 μm 2 for 600-cell and from 31.3± 1.7 × 10 3 μm 2 to 27.6 ± 1.6 × 10 3 μm 2 for 1,000-cell spheroids). By day 7 of culture, the 1,000-cell spheroid average area (24.7±4.8×10 3 μm 2 ) was comparable to the 300-cell spheroid average area (19.3±0.6×10 3 μm 2 ) while, surprisingly, 600-cell spheroids were noticeably smaller (7.9±5.6×10 3 μm 2 average area). Independent of the starting density, each of the mesensphere populations exhibited fairly narrow size distributions by day 7 (Fig. 2b) , indicating maintenance of homogeneous populations of spheroids through at least 7 days of suspension culture.
In order to assess cell proliferation and necrosis within mesenspheres, samples were collected for BrdU and H&E staining at various time points. An absence of necrotic core formation within spheroids, suggestive of cell viability in the interior of mesenspheres, was evident at all time points examined. Additionally, BrdU staining of mesenspheres demonstrated the presence of proliferating cells within spheroids at all time points up to day 7 (Fig. 3) . However, BrdU-positive cells comprised only a small number of cells within spheroids, indicating that only a fraction of the cells (<5%) were actively proliferating in 3D culture.
Differentiation of MSCs in suspension culture
Phase contrast images comparing differentiated monolayers to 300-, 600-and 1,000-cell mesenspheres demonstrated differences in cell morphology as early as day 4 of osteogenic differentiation (not shown). Matrix mineralization was evident in monolayers and spheroids of all three sizes as early as day 4 and increased through day 14 of differentiation. Mineralization was not evident in cultures maintained in CEM (Fig. 4a-c) , while mineral deposits within monolayers and mesenspheres in ODM appeared as opaque regions (Fig. 4i-k) . Adipogenic differentiation, evidenced by lipid vacuole formation, was not apparent in monolayers at day 14 of differentiation (not shown) and was not evident until 21-28 days of differentiation (Fig. 4e) . Little difference was seen in morphology between spheroids maintained in CEM and those maintained in ADM at all time points examined (Fig. 4b, c, f, g; day 14 shown).
Histological analyses of spheroid cross-sections revealed the absence of a necrotic core in all samples up to 14 days of differentiation (Fig. 4d , h, l; H&E images) and no obvious differences in differentiation potential or cell morphology were evident based on initial mesensphere size (not shown), hence 1,000-cell spheroids were used for all subsequent studies. Vacuole-like structures, commonly associated with adipogenic differentiation, were visible in some mesenspheres maintained in ADM (not shown), whereas such structures were not evident in mesenspheres maintained in CEM or ODM. However, drastic differences in H&E staining were not evident between any of the culture conditions up to day 14 of differentiation ( Fig. 4d,  h, l) . Collagen deposition was not evident in mesenspheres maintained in CEM or ADM (Fig. 5a, d) as assessed by Masson's trichrome staining. However, the presence of collagen was evident in spheroids maintained in ODM Fig. 1 Mesensphere formation. Mesenspheres of controlled size, incorporating a 300, b 600, or c 1,000 cells each, were formed using forced-aggregation followed by MSC overnight incubation in Aggrewell™ inserts. d-f The relative size of the spheroids formed overnight correlated to the average number of cells entrapped within the individual wells. Scale bars (a-c) 400 μm, (d-f) 200 μm Fig. 2 Mesensphere maintenance and size analysis. Following overnight mesensphere formation, spheroids were transferred to suspension culture on a rotary orbital shaker for subsequent analyses. a-i Uniform starting populations of spheroids were obtained at each of the cell densities examined and homogeneous populations were maintained for extended periods of time (up to 7 days shown) in suspension without significant agglomeration. j Morphometric size analyses confirmed that homogeneous mesensphere populations could be maintained through at least 7 days of suspension culture. The 300-cell spheroids initially increased in size while the 600-and 1,000-cell spheroid sizes decreased slightly. By day 7 of culture, the 1,000-cell spheroid average area was comparable to the 300-cell spheroid average area. Scale bar 200 μm (highlighted by arrows in Fig. 5g ), suggesting increased ECM production by osteogenic spheroids compared to those maintained under growth or adipogenic conditions. No positive GAG staining was evident in any of the mesensphere samples from any of the experimental groups (not shown). Matrix mineralization was not evident in any of the mesenspheres maintained in CEM or ADM (Fig. 5b , e) but Von Kossa staining of mesenspheres maintained in ODM for 14 days demonstrated the presence of calcium mineral deposits within spheroids (highlighted by arrows in Fig. 5h ). Conversely, Nile Red staining demonstrated the presence of abundant lipid vacuoles throughout mesenspheres maintained in ADM ( Fig. 5f and Supplemental Figure 1 ). Mesenspheres maintained in CEM also exhibited some lipid vacuole formation, although much less than those maintained in ADM (Fig. 5c and Supplemental Figure 1 ), while those in ODM were devoid of lipid vacuoles ( Fig. 5i and Supplemental Figure 1) .
In all spheroids, cells on the exterior were elongated in comparison to those on the interior and distinct differences in nuclear organization were evident within mesenspheres exposed to differentiation conditions (ADM and ODM) compared to spheroids in CEM (Figs. 4d, h, l and 5 ). Nuclei in adipogenic and osteogenic mesenspheres formed a radial pattern while nuclei in growth spheroids exhibited a more randomly organized multi-cellular pattern, suggesting differences in multi-cellular organization within mesenspheres that accompanied differentiation.
Maintenance of MSC plasticity following 3D culture MSC outgrowths from plated mesenspheres and dissociated cells exhibited a typical spindle-shaped morphology resembling MSC monolayer cultures when maintained in CEM. However, dissociated cells immediately clustered together upon plating, aggregating into colony-like cell units (not shown). Such immediate "clustering" was not evident upon plating of conventional cell monolayers. BrdU staining confirmed the retention of MSC proliferative capacity following 3D suspension culture. Furthermore, proliferation in recovered cells was comparable to that of conventional monolayers as evidenced by the small proportion of cells (<5%) that incorporated BrdU within newly synthesized DNA (6-h pulse; Supplemental Figure 2 ).
Lipid vacuole formation and matrix mineralization were not evident in monolayers, plated mesenspheres, or dissociated cells maintained in CEM when examined by phase contrast or brightfield microscopy post-staining (Figs. 6a, c, e, g, i and 7a, c, e, g, i). However, upon culture in ADM, plated mesenspheres as well as dissociated cells exhibited lipid vacuole formation within 7 days (not shown) and by 14 days of differentiation, lipid vacuoles were more widespread within cultures recovered from mesenspheres (Fig. 6d , f, h, j) than in monolayer cultures after 28 days of differentiation (Fig. 6b) . To quantitatively analyze whether the adipogenic differentiation potential of MSCs was enhanced following 3D suspension culture, Oil Red O stain was extracted from monolayers and compared to stain extracted from plated mesenspheres and dissociated cells (all after 14 days of differentiation). Plated mesenspheres and dissociated cells stained more robustly for Oil Red O than monolayers, with plated spheroids exhibiting a greater than 20-fold increase (p<0.0001) and dissociated cells exhibiting a greater than 40-fold increase (p<0.0001) in lipid vacuole formation compared to monolayers (Fig. 6k) . Additionally, dissociated cells stained significantly more positive for lipids than plated mesenspheres (p<0.0001).
Plated mesenspheres and dissociated cells cultured in ODM exhibited matrix mineralization within 4 days (not shown) and by 14 days of differentiation, mineralized regions were widely visible throughout cultures (Fig. 7d, f,  h, j) . To quantitatively analyze whether the osteogenic differentiation potential of MSCs was enhanced following 3D suspension culture, Alizarin Red stain was extracted from plated mesenspheres and dissociated cells and compared to stain extracted from MSC monolayers (Fig. 7b) . Similar to the adipogenic differentiation results, a significant increase in the osteogenic potential of cells recovered from 3D cultures was evident, with plated + cells were observed mainly at the periphery of spheroids and comprised only a small percentage (<5%) of the total number of cells. Scale bar 20 μm mesenspheres and dissociated cells exhibiting a greater than five-fold increase in matrix mineralization compared to conventional monolayer cultures ( Fig. 7k; p<0.0001) . Thus, lipid vacuole formation in MSCs recovered from 3D culture was significantly accelerated (7 vs 21 days for lipid vacuole formation) and both osteogenic and adipogenic differentiation potential were significantly enhanced compared to conventional adherent monolayer cultures at similar time points.
Discussion
Isolating cells from native 3D tissues and culturing them on 2D substrates can alter normal cell physiological behaviors such as proliferation and differentiation and conventional stem cell monolayer cultures are limited by the propensity of cells to senesce and/or spontaneously differentiate with time (Bonab et al. 2006; Bork et al. 2010; Stolzing et al. 2006; Wagner et al. 2008) . Such loss of MSC potential following ex vivo expansion is a major hurdle for the therapeutic use of these clinically-relevant cells. The results of this study demonstrate the successful development of a 3D, substrate-free culture system for MSCs that may not only enable the maintenance of multipotent MSCs but also may enhance differentiation towards particular phenotypes.
A forced-aggregation method for MSC spheroid formation yielded largely homogeneous populations of mesenspheres of controlled sizes, which could be maintained for extended periods of time in suspension via rotary orbital shaking. Up to at least 7 days of suspension culture, the homogeneity of spheroid populations was maintained, as evidenced by the retention of relatively narrow distributions in mesensphere cross-sectional areas at this time (Fig. 2) . Of particular interest, regardless of initial cell seeding density and resultant spheroid size upon formation, small (300) and large (1,000) cell spheroids were comparable in size by day 7 of suspension culture. Surprisingly, intermediate (600) cell spheroids exhibited a reduction in size after 7 days of culture. Although it is beyond the scope of the current study, differences in cell shape and nuclear organization within spheroids (Figs. 4 and 5 ) of different Fig. 4 Maintenance of mesensphere differentiation potential in suspension culture. Monolayers and mesenspheres maintained under growth and differentiation conditions were examined using phase contrast microscopy for signs of differentiation. Mesenspheres were also histologically examined for differences in morphology. a-c Monolayers and mesenspheres maintained in growth medium (up to 16 days of culture) did not demonstrate lipid vacuole formation or matrix mineralization. e-g Lipid vacuole formation was evident in adipogenic monolayers by day 28 of differentiation but could not be discerned in adipogenic mesenspheres at day 14. b, c, f, g Mesenspheres maintained in adipogenic medium resembled those in growth medium upon microscopic examination. i-k Matrix mineralization was evident in both osteogenic monolayers and mesenspheres by day 14 of differentiation (opaque regions). d, h, l H&E staining of mesenspheres did not demonstrate any major differences in morphology between conditions. Scale bars (a, b, e, f, i, j) 200 μm, (c, d, g, h, k, l) 25 μm sizes and under different culture conditions may lend support to the theory that cells within 3D environments alter their cytoskeletal arrangement in response to cell-cell contact and imposed forces as a result of varied stimuli. Importantly, the absence of necrotic core formation at all time points examined (Fig. 4) suggests that the decrease in 600-and 1,000-cell spheroid size was not due to significant cell death but rather could be due to cell compaction as a result of oxygen and nutrient diffusion into larger spheroids (Huang et al. 2010) , as well as ECM remodeling and cadherin-, integrin-and fibronectin-mediated cell-cell interactions (Dikovsky et al. 2008; Ferrante et al. 2006; Lin et al. 2006; Robinson et al. 2004) .
The introduction of dynamic culture conditions by rotary orbital shaking could account for preserved cell viability in the interior of spheroids despite more limited diffusion and proliferating cells were detected throughout spheroids up to at least 7 days of culture using a BrdU assay. Notably, while the percentage of cells actively cycling within spheroids was small (<5%), limited proliferation (3-5%) has also been noted in MSC monolayers and spheroids formed and maintained using other methodologies, suggesting that cell growth in spheroids is relatively comparable to that in conventional monolayer cultures (Frith et al. 2010) . Additionally, in the reported studies, cells recovered from mesenspheres exhibited similar proliferative capacity compared to conventional monolayers (Supplemental Figure 2) , confirming the retention of MSC proliferative capacity following 3D culture. Furthermore, the absence of signs of cell death may indicate successful circumvention of anoikis mechanisms (Frisch and Screaton 2001 ) using a forced- Fig. 6 Adipogenic differentiation potential of MSCs following 3D culture. Following 7 days of suspension culture, MSCs were recovered from mesenspheres, plated onto TCPS and maintained under growth or adipogenic culture conditions. The adipogenic differentiation potential of recovered cells was compared to that of conventional monolayer cultures. Brightfield (a, b, e, f, i, j) and phase (c, d, g, h) images of Oil Red O-stained MSCs were obtained following differentiation. a, c, e, g, i Lipid vacuole formation was not evident in any cultures maintained under growth conditions. b, d, f, h, j Lipid vacuoles were more widespread within cultures recovered from mesenspheres following 14 days of differentiation than in monolayer cultures after 28 days of differentiation. Scale bar 200 μm. k Quantitative staining for adipogenesis exhibited significant differences between monolayer cultures and cells recovered from mesenspheres. Cells recovered from mesenspheres stained more robustly for Oil Red O than monolayers at day 14 of differentiation, with plated spheroids exhibiting a greater than 20-fold increase (*p< 0.0001) and dissociated spheroids exhibiting a greater than 40-fold increase (*p<0.0001) in the amount of lipid vacuole formation compared to monolayers. Dissociated mesenspheres also underwent greater adipogenesis (+p<0.0001) than plated spheroids Collagen deposition, assayed using Masson's trichrome staining, was not evident in growth or adipogenic spheroids. g However, Masson's trichrome staining indicated the presence of collagen (stained blue, arrows) within the ECM of osteogenic mesenspheres at day 14 of differentiation. b, e, h Positive von Kossa staining for calcium mineral deposits (stained black, arrows) was evident within osteogenic mesenspheres but not others following 14 days of differentiation. f Lipid vacuole formation (stained red) within adipogenic mesenspheres was confirmed by Nile Red staining at day 14 of differentiation. c, i Some lipid vacuole formation was evident in growth mesenspheres but none was evident in osteogenic mesenspheres. Scale bar 20 μm aggregation, substrate-free culture system and is further substantiated by the inability of mouse MSCs to spontaneously form spheroids when inoculated as a single cell suspension in rotary suspension culture (data not shown) (Carpenedo et al. 2010 ). Thus, high-density cell-cell contact between MSCs seems essential not only to the formation of multi-cellular aggregates but also to the promotion of cell viability in the absence of exogenous matrices or adherent substrates.
Mesenspheres subjected to differentiation protocols in suspension culture exhibited commitment to the adipogenic and osteogenic lineages, as evidenced by Nile Red staining of lipid vacuoles and von Kossa staining of calcium mineral deposits, respectively (Figs. 4 and 5) . In addition, mesenspheres could be maintained under growth conditions for a prolonged period of time (up to 16 days of culture, the longest time point examined) in an undifferentiated state (i.e. without spontaneous differentiation of cells), as evidenced by the lack of abundant lipid vacuole formation or extracellular mineral deposition in growth spheroids (Figs. 4 and 5) . However, while beyond the scope of the current study, these results motivate future serial passaging studies to determine multipotent MSC expansion and extended maintenance and differentiation potential in scaffold-free 3D culture systems (i.e. to more specifically assess the ability of this culture platform to circumvent passage limitations associated with MSC senescence in long-term adherent cultures).
Of particular interest in this study was whether MSCs cultured as 3D spheroids in suspension exhibited compromised differentiation potential compared to traditional adherent monolayer cultures. To this end, mesenspheres were either directly plated onto TCPS or dissociated into a single-cell suspension and plated onto TCPS following 7 days of suspension culture under growth conditions. MSC monolayers were concurrently plated at the same density as dissociated cell cultures (to eliminate potential cell density effects on differentiation) and all three culture sets were maintained in growth medium prior to being subjected to adipogenic and osteogenic differentiation protocols. The preservation of typical MSC morphology and proliferation potential was confirmed in plated and dissociated cells via visual microscopy inspection. Furthermore, to directly compare the differentiation potential of cells following 2D and 3D culture, quantitative Oil Red O and Alizarin Red staining was performed on all cell cultures after 14 days of differentiation and the quantities of extracted stains were normalized to the DNA content of the cultures (Figs. 6 and 7). MSCs exhibited significantly enhanced differentiation potential following 3D culture, as evidenced by increased Oil Red O and Alizarin Red staining. Additionally, the appearance of lipid vacuoles under adipogenic culture conditions was noted earlier in cells recovered from 3D suspension than in MSC monolayers (7 vs 21 days). These results suggest that 3D culture of mesenchymal stem cells may yield more uniformly differentiated populations than traditional monolayer culture techniques and are of particular note since the efficiency of differentiation (i.e. the percentage of cells within a population that commit to an intended phenotype) is a common limitation to conventional directed differentiation protocols for MSCs and many types of stem cells in general.
Taken together, the results of this study demonstrate the successful development of a 3D scaffold-free culture Mineralized regions were widely visible throughout all monolayer and recovered MSC osteogenic cultures by 14 days of differentiation. Scale bar 200 μm. k Quantitative staining for calcium deposits exhibited significant differences between monolayer cultures and cells recovered from mesenspheres. Cells recovered from mesenspheres stained more robustly for Alizarin Red than monolayers at day 14 of differentiation, with plated spheroids and dissociated cells exhibiting a greater than five-fold increase (*p<0.0001) in the amount of matrix mineralization compared to monolayers system for MSCs that maintains and enhances the in vitro multipotent differentiation of these cells. The use of such a culture system may circumvent several limitations associated with current methodologies for in vitro stem cell expansion and differentiation. Additionally, the development of 3D culture methods for stem and progenitor cells enables precise control over a number of parameters critical to tissue morphogenic events (such as aggregate size, resultant cell density and the hydrodynamic microenvironment) and can therefore provide a convenient in vitro model for the study of complex cell-cell and cell-matrix interactions, as well as trophic factor production and ECM deposition by cells, in the absence of exogenous substrates. Such systems more closely resemble in vivo tissue microenvironments and enable the study of cell behaviors without introducing many of the artifacts attributable to adherent cell culture practices. Thus, these results provide for directed, precise spatiotemporal control over cell behavior and may directly facilitate the fabrication of 3D cellular and acellular constructs from multipotent stem cells for tissue repair and regeneration.
